The ionic mobilities in mixtures of molten salts have been interpreted in terms of anion polarization 1 and complex formation. 2 The Chemla effect 3 refers to the phenomenon that in a charge symmetrical mixture with a common anion, the mobility isotherms of the two cations cross at some concentration. In the molten alkali chloride mixtures (Li, Na)Cl, 4 (Li, K)Cl, 1,2,5,6 (Li, Rb)Cl, 7 (Li, Cs)Cl, 2,8 (Na, K)Cl, 2 (Na, Cs)Cl, 2 and (Li, Na, K)Cl, 9,10 the internal cation mobilities have been measured. As far as we know, the electric conductivity and the internal mobility have not been measured in a molten (Na, K, Cs)Cl system. For (Na, K)Cl, the internal mobilities were measured by the electromotive force (EMF) method, 2 which involves large errors in some cases. 11, 12 Therefore, in the present study, the internal mobilities of the ternary alkali chloride system are measured by the Klemm method, which yields the most accurate and precise data of the available methods.
ty of the ternary system was measured by the direct current method described by Duke and Bissel. 19 The cell was made of quartz and four Pt wires were used as electrodes. The standard resistance used in the circuit was 10 ⍀. The cell constant was measured at 295 K to be 22.03 cm Ϫ1 , using KCl standard aqueous solutions according to the specifications by Jones and Bradshaw. 20 The accuracy of this cell was checked by measuring the electric conductivity of molten NaNO 3 and KNO 3 .
Measurement of internal cation mobility.-The electromigration cell was depicted in Fig. 1 , which is similar to that shown in Ref. 6 . As mentioned above, the column was arranged so as to take out the concentrated fission products continuously in order to apply the electromigration method to the practical plant. However, in the present study, the electromigration was performed without subunits. The anode was made of a superfine graphite rod (5 : Cl 2 gas, J: quartz wool, K: molten salts (NaCl-KCl system), L: electromigration tube, M: electric furnace, N: gas trap, O: Cl 2 gas, P: Ar gas, Q: thermoregulator.
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Carbon Co., Ltd.). The cathode consists of the glassy carbon (3.0 mm , Nilaco Co.) was connected to the graphite rod with the ceramic binder for protection from corrosion, because the glassy carbon does not make the intermetallic compounds with alkali metals. Chlorine gas which was dried by passing through concd sulfuric acid was bubbled into the melt around the cathode compartment in order to convert the deposited metal into the chloride. About three times the amount of chlorine gas theoretically needed for the conversion was introduced to the cathode compartment before electromigration. 10 The migration tubes were made of the quartz glass. The lower part of the migration tube was packed with alumina powder (100 m , Nishio Chemical Ind.) in order to prevent convection of the melt in the migration tube. A mixture of a chosen composition was melted in another quartz vessel and drawn into the separation tube by pump suction. The temperature was kept at 1023 K with a temperature controller and measured by a Chromel-Alumel thermocouple during electromigration. A constant dc current supplier (Kikusui Electronics Corp. PAD 500-0.6 A) fed electric currents less than 0.2 A. The transported charge was measured by four Cu coulometers in series, or by the Desital coulometer (HIOKI 3187, ac/dc Power HITESTER). After several thousand coulomb of charge was transported, the migration tube was taken out from the bath and the salt was quenched quickly. The tube was cleaned outside and cut into several pieces of about 10 mm length. The salt in each fraction was dissolved in distilled water. The amount of Cs in each fraction was determined by absorption spectrometry (Hitachi Corp. Z-6100). The amount of other alkalis was analyzed by inductively coupled plasma (ICP) emission spectrometry (Seiko Denshi Kogyo SPS-7000).
Molecular dynamics (MD) simulation.-For MD simulation of this ternary alkali chloride system, 1000 or 800 particles were disposed in a periodic cube whose edge length L was determined from the molar volume calculated from those of the pure melts on the assumption of additivity. This assumption is justified because the excess molar volumes on mixing two alkali chlorides are very small. 21 The pair potentials of the Born-Mayer-Huggins type were used
where z is the positive or negative charge number, e the elementary charge, ⑀ 0 the permittivity of vacuum, and A the Pauling factor. The first term in Eq. 1 represents the Coulomb interaction, the second the Born-Huggins exponential repulsion with parameters obtained by Tosi and Fumi 22 while the third and fourth terms represent the dipole-dipole and dipole-quadrupole dispersion energies with parameters obtained by Mayer. 23 The corresponding parameters for the mixture were determined by the combination rule presented by Larsen et al. 24 The Ewald method 25 was used for the calculation of the Coulomb forces; the cutoff distance in real space was L/2, and the reciprocal lattice vectors |n 2 | were counted up to 27. The convergence parameter ␣ was 5.6/L and time step 2 fs. At the beginning, MD runs were performed with the constant temperature method proposed by Woodcock. 26 After constant temperature runs of several thousand steps, these were switched to constant energy runs. From the runs during more than 5000 time steps using Verlet's algorithm after attainment of equilibrium, the structure and the other properties were obtained. where T is an absolute temperature and x Cs is the mole fraction of Cs. According to the relationship between the mole fraction of Cs and the conductivity at 1023 K, the relationship is also expressed by the following equation
Results and Discussion
The relative differences of the mobilities for the three cation pairs are defined as
where the subscripts 1, 2, and 3 denote Na, K, and Cs, respectively, and
The ⑀ 12 can be determined from chemical analysis and the transported charge quite similarly to the case of binary mixtures [7] where N 1 and N 2 are the total amounts of species 1 and 2 in the pieces of the separation tube, respectively, after passage of the charge Q, in which the mole fractions are different from the original ones x 1 and x 2 , respectively. The ⑀ values can be obtained from an equation based on the material and the charge balance. 27 The ⑀ 12 , ⑀ 13 , and ⑀ 23 values thus obtained and the main experimental conditions are tabulated in Table I . The internal mobilities of the each cation are calculated from the following equations using ⑀ and values thus obtained b Na ϭ (V/F)(1 ϩ x K ⑀ NaK ϩ x Cs ⑀ NaCs )
[8a]
[8c] The molar volumes V were calculated from those of pure melts on the assumption of additivity. Internal mobilities calculated from Eq. 8a-8c and isotherms of b Na , b K , and b Cs in this system at 1023 K are represented in Fig. 3 . The orders of the internal mobilities are expressed by
These behaviors mean that the Chemla effect occurs for pairs of Na-Cs in this system. The separating motion of cation-anion pair can be expressed in terms of the self-exchange velocity, which can be calculated by molecular dynamics simulation. The evolution of the average distance of marked cations from a Cl Ϫ ion for each composition is indicated in Fig. 4 . The self-exchange velocity (SEV) is defined by the following equation [10] where the brackets indicate ensemble averages. R 2 is the distance where the cation-anion correlation function crosses unity for the second time. <R(0)> is the average distance between cation and anion within R 2 at a given time origin. is the time in which the ion moves from <R(0)> to R 2 . The solid, broken, and chain lines are R 2 for Na, K, and Cs, respectively. Each slope means the SEV for each cation. The orders of are as follows Cs < Na < K (x Cs ϭ 0.10) S0013-4651(00)04-057-X CCC: $7.00 © The Electrochemical Society, Inc. Na < Cs < K (x Cs ϭ 0.14)
[11b]
These orders are relatively in good agreement with those for the internal mobilities obtained experimentally. It is reported that the strong correlation between internal mobilities and SEVs for some alkali chlorides. 7, 28 The relationship between internal mobilities and SEVs in this experiment is designated in Fig. 5 . It seems that there is an approximately linear relation between two entities. Thus, the Chemla effect of this ternary system is reproduced by the SEVs obtained from the simulation. The pair correlation function and running coordination number for this ternary system are listed in Table II . Compared to the pair correlation functions of the pure CsCl and of the binary (Na, K)Cl system with the ternary mixtures for various compositions, the positions of the first peaks of the correlation functions pair, g Na-Cl , g K-Cl , and g Cs-Cl are much the same in the binary mixture and the pure salts. As for the peak heights, g Na-Cl and g K-Cl are more sharply peaked in the ternary mixture than in the binary mixtures. g Cs-Cl is less sharply peaked in the ternary mixtures than in the pure CsCl salt. The increasing rate of the peak heights for Na and K is larger than for Cs. The position of the second peak of g Ϯ is more distant for NaCl, KCl and less distant for CsCl in the ternary mixture than in the respective binary and pure salts with increasing the ratio of Cs.
The self-diffusion coefficients were calculated from the mean square displacements according to the Einstein formula as found in Fig. 6 . The results obtained with the simulation predict that in this ternary mixture, the order of the self-diffusion coefficient for each cation would be the following
This is consistent with observations on our experimental results, where the Chemla effect is observed for the Na-Cs pair.
On the other hand, the electric conductivity is calculated from the integral of the current autocorrelation function j(t) according to the Kubo formula using Eq. 13, because the Nernst-Einstein equation for molten salt system cannot be applied [13] ϭ и Table II . Characteristic values of the g ij (r)'s for cation-anion and anion-anion pairs. R 1 and R 2 are the locations where g ij (r) crosses unity for the first and second time, respectively. R M and R m are the distances at the first maximum and minimum, respectively. n eq (R 2 -R m ) is the partial equivalent coordination number within R 2 -R m of a cation, which is equal to the coordination number of Cl Ϫ around the cation. where k is a Boltzmann constant and the calculated conditions are time steps, 5 fs, and MD step, up to 5 ϫ 10 6 steps. The electric conductivity calculated from MD simulation by comparison with the experimental results is expressed in Fig. 7 . Although the values calculated from MD simulation are smaller than the experimental results, both tendencies are similar, i.e., the electric conductivity is decreasing with increasing Cs concentration. It can be understood by the potential for the cations located between two Cl Ϫ ions as shown in Fig. 8 . These potentials are obtained by combining the pair potentials for Na ϩ -Cl Ϫ (Fig. 8a) and Cs ϩ -Cl Ϫ (Fig. 8b) . We can consider the one-dimensional motion of the cations leaving the reference Cl Ϫ ion. As the concentration of Cs ϩ increases, the molar volume and the average Cl-Cl Ϫ distance from d 1 to d 2 increase. Figure 8 shows that the barrier from h 1 to h 2 becomes higher with increasing molar volume and its rate of increase is very rapid for the Na ϩ ion. When d is small, the Cs ϩ ion can move away from the reference Cl Ϫ ion, as the two Cl Ϫ ions separate. At large values of d, the Na ϩ ion has to wait for a longer time than the Cs ϩ ion, and h becomes so low that the cation can move away from the reference Cl Ϫ ion. In other words, Na ϩ -Cl Ϫ pair is more associated, thus, the SEV will decrease with increasing d, but the decreasing rate is larger for Na than for Cs. Thus, the SEVs of Na and Cs will have a crossing point and the isotherms of two internal mobilities have a Chemla crossing point. Conclusion We investigated the electric conductivity and internal cation mobility in molten alkali chlorides from experiment and MD simulation. The orders of the internal cation mobilities obtained from experiment are relatively in good agreement with the SEVs calculated from MD simulation. Thus, the correlation between internal cation mobilities and SEVs for (Na, K, Cs)Cl system is an approximately linear relation and the Chemla effect of this system is reproduced by the SEVs. Additionally, the orders of the self-diffusion coefficients calculated from MD simulation are consistent with the experimental results of this ternary system. On the other hand, the electric con- 
